232 Phonetica 2008; 65:231-256 Mazaudon /Michaud Tamang has four tones -numbered 1-4, roughly from highest to lowest -which are phonetically complex. To the unaided ear of the linguist, these four tonal categories are distinguished by a combination of cues involving pitch level, pitch contour, and phonation type. Tones 3 and 4 have been described as characterised by a general laxness, evidenced by breathy/whispery voice and by occasional voicing of initial stops -stops are phonologically unspecified for voicing and are generally realised as voiceless in initial position [Mazaudon, 1973, p. 66] . Preliminary experimental results have already been obtained concerning fundamental frequency (F 0 ) [Mazaudon, 2005] and phonation type [Michaud and Mazaudon, 2006] ; the present study aims to provide a more comprehensive picture of Tamang tone, building on the analysis of a broader range of parameters. Two major hypotheses are: (i) that tones 3 and 4 are realised with non-modal phonation, more specifically with whispery voice, and (ii) that non-contrastive partial voicing is occasionally found on the initial stops of syllables with tones 3 and 4, never with tones 1 and 2.
In addition to its synchronic interest, the experimental study of Tamang tones can contribute to a better understanding of tonogenetic processes. The present state of the Tamang prosodic system is typologically transitional; it can shed light on the stages that follow the loss of voicing contrasts on syllable-initial consonants -a process of great historical importance that took place in numerous Far Eastern languages [Maspéro, 1912; Haudricourt, 1954 Haudricourt, , 1961 . Haudricourt [1975] recognised the present state of Tamang as the missing link between the stage where a language has two tones and three series of initial consonants (voiced, voiceless, aspirates) and the later stage where there are four tones and only two series of initials.
Method

Items Recorded
About one half of the lexical morphemes of Tamang are monosyllabic, the other half are polysyllabic. A word is composed of one lexical morpheme followed by one to three grammatical morphemes which are toneless monosyllabic affixes. The tone of the whole word is determined by that of the lexeme. All lexical morphemes, whether monosyllabic or polysyllabic, carry one and only one of the four tones of the system. The tonal characteristics spread over all the syllables, though they are most salient over the first syllable. The corpus used in the present study is restricted to monosyllabic lexemes. It is made up of 127 open-syllable monosyllabic roots without initial clusters, with initial /pʰ/, /tʰ/, /kʰ/, /tsʰ/, /p/, /t/, /k/, /ts/ or /s/ and vowel /aH/, /a/, /iH/, /i/, /uH/, /u/, /oH/, /o/, /eH/ or /e/. It includes morphemes of diverse grammatical nature and frequency. Sixteen other morphemes of the desired phonemic composition were discarded because they were unfamiliar to the speakers or unsuitable for use within the carrier sentences chosen.
The target morphemes are divided into two sets: 41 nouns (including 2 tone-carrying particles, / 4 tsa/ 'as for ' and / 4 tse/ 'only', and the deictic / 2 tsu/) on the one hand, and 86 verbs, including stative verbs such as / 4 tseH/ '[to be] pretty', on the other. Tone is indicated as a superscript figure before the first syllable of the phonological word that carries it, e.g. / 4 tseHk / carries tone 4.
Carrier Sentences
The nouns were placed inside the two following carrier sentences: (1) 2 tsu-ri ______ -ka -tsim. here target noun FOC be (FOC = focus particle) e.g. suH-pa/ means 'to plant').
Speakers
Five male native speakers of Tamang (in their 30s or 40s) from the village of Risiangku in Central-Eastern Nepal participated in the recordings. The Nepali equivalent of the target morpheme was provided orally as a prompt; like most speakers of Tamang, the subjects speak Nepali as a second language. They were instructed to repeat the item within the carrier sentence twice, e.g. / 2 tsu-ri 3 suH-pa || 2 tsu-ri 3 suH-pa/. It was originally intended to go through the entire recording procedure twice with each speaker on different days, but for practical reasons this was not possible for all 5 speakers (some details are provided in the 'Results' section). The audio and the electroglottographic (EGG) signal were recorded simultaneously (sampling rate: 44,100 Hz). Concerning electroglottography, see section 2.5. The equipment used was a two-channel electroglottograph [Rothenberg, 1992] . The audio and EGG signals were time-aligned after recording to compensate for the time lag of about 1.5 ms due to the distance between the microphone and the voice source.
Identification Test
The distinctiveness of the four tonal categories has been well established over many years of research with several generations of speakers of the Risiangku dialect. It was nonetheless considered useful to perform an identification test to evaluate the distinctiveness of the tokens that had been recorded in the experiment. Due to the constraints of fieldwork, this identification test could be performed only by 1 speaker (M2) and only over the data that he had recorded. Each item was played within its carrier sentence through loudspeakers, and the subject was instructed to provide a translation of the target word in Nepali.
EGG Analyses
The initial hypothesis concerning the phonation type of Tamang tones is that tones 3 and 4 are realised with more breathy/whispery voice than tones 1 and 2. The present study relies on electroglottography to investigate phonation type. Electroglottography is a technique for monitoring vocal fold contact area by means of electrodes placed on either side of the Adam's apple (the thyroid cartilage). On the derivative of the EGG signal (dEGG), obtained by calculating the slope of the EGG curve at each point, alternating positive and negative peaks are typically observed, as seen in figures 1 and 2. The interpretation of these peaks was established in light of the comparison of EGG and dEGG signals with simultaneously recorded images of the glottis [Baer et al., 1983; Childers et al., 1983; Anastaplo and Karnell, 1988; Karnell, 1989; Hess and Ludwigs, 2000] : the positive peak corresponds to the instant when the glottis closes over its full length; the negative peak usually marks the onset of glottal opening along the superior surface of the vocal folds. It is therefore assumed here that the positive and negative peaks on the dEGG signal are indicators of glottis closing and opening, respectively. They allow for the measurement of the open quotient (O q ), defined as the length of the open phase -from one opening instant to the following closing instant -divided by the length of the glottal cycle, itself defined as the time between two closing instants ( fig. 1, top) . The O q allows for the monitoring of vocal fold adduction: a low O q is an indicator of a tight/pressed voice. The O q is known to correlate positively with airflow [Rothenberg and Mahshie, 1988] , though it must be cautioned that the O q only provides an indirect cue to airflow, and that the relationship between O q and airflow is not linear.
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The MATLAB routines used in this study were devised specifically for the investigation of linguistic uses of phonation types (the software is available for download from: http://voiceresearch. free.fr/egg/). The shape of the negative portion of the dEGG signal within each cycle is appraised individually: a clear opening peak will be included in the results even though it is flanked by cycles that do not have a clear opening peak. Measurements are semi-automatic. The software displays the O q values obtained by two methods: (i) detection of the highest peak, and (ii) barycentre of the peaks whose amplitude reaches 50% of the highest peak. Both methods are run twice: once without smoothing of the dEGG signal, once with smoothing. The smoothing step is selected by the user: from 0.07 to 0.16 ms, depending on the clarity of the original EGG signal. Figure 1 shows the dEGG signal before and after smoothing with a step of 0.113 ms. The user verifies the results in view of the shape of the EGG and dEGG signals. It is well established that unclear or double peaks are not artefacts, but are related to the way in which the glottis closes [see discussion in Henrich et al., 2004 Henrich et al., , pp. 1324 Henrich et al., -1327 . Exclusion of all the cases where there is no unique and well-defined opening peak may appear as the safest option. In the present study, the barycentre method was nonetheless used in a few instances; figure 1 shows an example from speaker M1, the speaker for whom the barycentre method was used most often (9.1% of cases). The portions of the dEGG signal corresponding to opening peaks are enlarged; the vertical dashed line indicates the estimated position of the glottis-opening instant. The first cycle has a double opening peak; the barycentre calculated from these two peaks, being weighted as a function of peak amplitude, is closer to the higher of the two. The second and fourth cycles have simple opening peaks. The dent in the opening peak of the third cycle is overlooked because its amplitude is less than half that of the main peak. The barycentre method and the detection of the local minimum in the dEGG signal yield the same result for cycles 2, 3 and 4, whereas for cycle 1 the barycentre method gives a slightly higher estimation: 53.6%, as against 52.8%. Tonal Contrasts and Initial Consonants in Tamang
Analysis of Consonants
Several pieces of information concerning the realisation of the consonants were obtained by inspecting the audio and EGG signals item by item, as shown in figure 2.
(i) Information on the state of the glottis during the initial consonant of the target morpheme. Recall that this consonant is phonemically unspecified for voice in all cases -unaspirated stops are voiced intervocalically, and voiceless initially and in final position -but is hypothesised to undergo tone-conditioned allophonic variation. The three categories that were retained in the description of voicing are set out in the 'Results' section.
(ii) Voice onset time (VOT), 'the temporal relation between the onset of glottal pulsing and the release of the initial stop consonant' [Abramson, 1977, p. 296 ; see also Lisker and Abramson, 1964] . Since the target items of the present study always follow a vowel, VOT as measured here coincides with voicing lag: it is the duration between the burst of the obstruent, observed on the acoustic signal and on a spectrogram, and the next positive peak on the derivative of the EGG signal, indicative of glottis closure. The VOT cannot be measured when the consonant does not have a clear burst, nor when it is voiced throughout: in these cases, the item was excluded from the calculation of VOT.
(iii) Duration of portion without full voicing between the end of the previous vowel (vowel /i/ of the carrier sentence, / 2 tsu-ri …/) and the onset of voicing for the target morpheme. This measurement was defined solely in terms of the positive peaks on the derivative of the EGG signal: from the last positive peak at the end of the preceding syllable (/-ri/) to the first positive peak of the target syllable. When the consonant was voiced throughout, this measurement was set at zero. This measurement was conducted as part of the attempt to verify experimentally the auditory impression that the same stop initials are clearly unvoiced in syllables bearing tones 1 and 2 and sometimes voiced in syllables bearing tones 3 and 4.
(iv) Duration of oral closure for the initial consonant, measured from a spectrogram: from closure, where the formants (F2 and above) of the vowel of the preceding syllable cease to be visible, to release. In cases where these events could not be reliably detected, closure duration was not measured.
A limitation of these measurements is that the speaking rate was not controlled during the recording sessions. Rather than normalise for duration -recalculating each value relative to the duration of the sentence -it appeared preferable to exclude the cases where the speaker had made a pause before the target word, and consider the speaking rate of the remaining data as sufficiently homogeneous for statistical analyses. 
Result of the Identification Test
The test was conducted 3 years after the recordings, which means that the speaker had to identify the words from his complete lexicon, and not only among the test words. The answers pertaining to the 127 words fall into one of the following four sets:
(i) In most cases, the word was identified as that elicited, or with an error that did not involve tone. These 'tonally correct' mistaken identifications (14 items) consist in: giving a homophonous verb instead of a noun (implying mishearing a consonant in the frame: in the carrier sentence, nouns are followed by /ka/ and verbs by /pa/); a different (ii) Lack of identification occurred with rare words which the speaker understands but which are not part of his active vocabulary, or which are unlikely to appear in the carrier sentences chosen in this study. In these cases, after hesitating, the speaker supplied a word that had some phonetic resemblance, and in 8 items the tone was different.
(iii) Two common items were identified as words having another tone: / 4 koH.pa/ 'to sing' heard as / 2 koH.pa/ 'to contaminate', and / 4 ciH.pa/ 'to remember' heard as / 3 ciH. pa/ 'to pinch'.
(iv) One item, /³coH/ 'point', was first identified as /¹cʰoH/ 'rope', then corrected to 'point'. Table 1 provides an overview of the data obtained by quantitative analysis of the EGG signal. The unequal number of tokens recorded by each speaker is due to the fact that some recording sessions had to be shortened or cancelled for practical reasons, so that the entire recording procedure could not be completed twice with each speaker as originally intended. The proportion of cycles for which O q could not be estimated varies from 3.5 to 33% across speakers, confirming the existence of considerable crossspeaker differences in the proportion of well-defined opening peaks. [Henrich et al., 2004: 1,325 provide figures on this phenomenon for 18 subjects performing singing and speaking tasks.]
Measurements of F 0 , O q , and Duration
The analysis program was run over the rhymes of all the syllables in the corpus, including those of the carrier sentences. The average value of O q calculated over all the syllable rhymes produced by a given speaker is used below as a rule-of-thumb reference for inter-speaker normalisation of the results. Mean O q is within 0.8% of median O q for all speakers, and mean F 0 within 2 Hz of median F 0 .
The Case for Normalisation
If measured in absolute value, extreme variability across items is observed for both F 0 and O q , with some overlap across tones for F 0 , and more overlap for O q . This result is in keeping with the hypothesis that Tamang tones are not realised by F 0 alone, but by a bundle of characteristics. This variability is not an effect of phonemic composition -vowel quantity, vowel height, stop or fricative character of the initial consonant: data plots for phonemically homogeneous data subsets still show a comparable degree of variability. The averaged F 0 curves are also close in some cases: for instance, the F 0 curves of tone 1 and tone 2 as realised by speaker M4 on syllables with an unaspirated initial are almost indistinguishable. However, taking the F 0 curve of the frame into account, it appears that the closeness of tones 1 and 2 in M4's data is an artefact of the measurement in absolute values: M4 actually anticipates the target syllable, realising both syllables of the frame (/²tsu-ri/) higher before tone 2. Once the data are recalculated relative to the frame, the average curves for tones 1 and 2 do not coincide. This raises the issue of which value to use for normalisation: the F 0 value over the first few cycles of the utterance, under the hypothesis that it 'sets the tone' for all that follows? An average over the entire frame, or over the two vowels of /²tsu-ri/? A midpoint value, or a final value, within /²tsu-ri/? The decision was made on the basis of a study of the influence of the tone of the target syllable on the F 0 curves of the carrier sentence: the value selected was an average over the first half of the /i/ in /²tsu-ri/, because that is where the F 0 differences conditioned by the tone of the target syllable were found to be strongest. The formula used for obtaining relative F 0 values (in semitones) is the following, where F REL is the relative value (in semitones), F TARGET the measurement on the target syllable (in Hertz) and F FRAME the measurement over the frame (in Hertz):
An important result is that, even after the correction relative to the F 0 of the frame, there is some overlap between categories: some tone-2 syllables are realised in the same F 0 range as tone 1, others in the same range as tone 4. This confirms the auditory impression that F 0 differences across tones are not considerable, and are unlikely to suffice for the correct identification of the tonal categories.
The speakers repeated each item within the carrier sentence twice at a go, e.g. / 2 cu-ri 3 suː-pa || 2 cu-ri 3 suː-pa/ 'Here, [he is] planting. Here, [he is] is planting.' The repetition produced a degree of intonational variation: some speakers preplanned both repetitions and introduced an intonational marking of continuation (realised in Tamang as a rise) at the end of the first repetition. Furthermore, some tokens are followed by one or two syllables (/-pa/ or /-ka-cim/) whereas others are utterance-final. Visual inspection of the data for individual tokens suggests that the data are nonetheless sufficiently homogeneous to be pooled together in the statistical calculations. The measurements reported in what follows correspond to the target syllables only, i.e. excluding the suffixes, /-pa/ and /-ka-cim/.
O q values were also recalculated, relative to a mean value for the speaker. In view of the strong cross-speaker differences in mean O q , shown in table 1, O q values were converted using the following formula, where O q TARGET is the measurement for the glottal cycle at issue, and O q MEAN the speaker's mean O q value, obtained by averaging across all the syllable rhymes in the corpus, carrier sentences included.
For example, an O q of 71.4% for a speaker whose mean O q is 68% will be translated to the same value as an O q of 57.8% for a speaker whose mean O q is 55%: both correspond to +5% above the reference.
Averaged Curves and Statistical Analyses
Since we are looking for fine-grained differences in phonation type in correlation with tone, it seemed advisable to consider separately syllables with an aspirated initial in the statistical treatments, so as to distinguish the glottal effects of aspiration from those of whispery voice. So, in computing the results of the analyses, we distinguish six categories of syllables, rather than four categories of tones. Words under tones 1 Tonal Contrasts and Initial Consonants in Tamang and 2, as we have seen, have an opposition between aspirated and unaspirated initial stops, whereas words under tones 3 and 4 only have one series of initial stops (unaspirated). The six syllable categories are: tone 1 with an aspirated initial (1 asp ); tone 1 with an unaspirated initial (1 unasp ); tone 2 with an aspirated initial (2 asp ); tone 2 with an unaspirated initial (2 unasp ); tone 3 (3); and tone 4 (4).
Averaged curves of F 0 for each of the 5 speakers are shown in figure 3 , and O q in figure 4. Curves averaged over the 5 speakers are also provided in the lower right-hand corner of these figures. No error bars are plotted because standard deviations are high, and plotting them would make the figures quite difficult to read. The time courses of tones 1, 2 and 4 are roughly parallel, whereas tone 3 stands out by its rise. For speakers M1, M2 and M5, syllables 1 asp and 2 asp are close to 1 unasp and 2 unasp , respectively, in terms of F 0 . On the other hand, no such proximity emerges from the data of speakers M3 and M4, where the F 0 curves of 1 asp and 2 asp appear to occupy a larger part of the tonal space than 1 unasp and 2 unasp , as if dividing the tonal space into two halves: the upper half for 1 asp , the lower half for 2 asp . The relative brevity of the F 0 curve on syllables with an aspirated initial in comparison with syllables with an unaspirated initial does not reflect the duration of the syllable as a whole; it is due to the fact that the measurement of F 0 and O q bears on the voiced portion of the syllable, excluding the VOT. The average differences in O q are small. For the human voice, O q ranges from about 40 -and even less in cases of glottalisation -to about 75; the window chosen for figure 4 covers no more than two thirds of this range, and the curves only occupy part of this window. The tones of Tamang do not involve such very clear oppositions in phonation type as that between extremely pressed and modal-to-whispery phonation types in Vietnamese tones [documented by Michaud, 2004; Brunelle, in press , and references therein]. It may be useful to recall at this point that the correlation between O q and airflow is not linear: a difference of 4% in O q between two tones suggests a difference in airflow that is probably much greater than 4%.
Tones 1 and 2 share the same range of O q . Tones 3 and 4 also share in part the same range, that of higher O q values, indicative of more relaxed/whispery phonation. A sizeable proportion of tone-3 tokens show a steep rise in O q at some point in the first half of the syllable, resulting in a telltale bell-like shape of the O q curve; this phenomenon, which is levelled out in the averaged curves, suggests a sharp and brief increase of airflow occurring within the first half of the vowel. A rise in O q in the course of the vowel is also found in some tone-4 tokens, whereas it is rare for tones 1 and 2.
A multivariate analysis of variance (MANOVA) was performed over the entire set of data; the total number of values, excluding the data points where O q values were missing, was 14,772. The dependent variables were O q and F 0 , and the independent, 241 Phonetica 2008; 65:231-256 Tonal Contrasts and Initial Consonants in Tamang nominal variables were the six tone/syllable categories (1 unasp , 1 asp , 2 unasp , 2 asp , 3 and 4), the ten points in time, and the 5 speakers. The values of O q and F 0 were normalised as explained in section 3.2.1. The software used was StatView 5.0. A global significant effect was observed for all three variables, at p < 10 -4 . This highly positive overall result legitimates the use of more focused statistical analysis. One-factorial analyses of variance (ANOVAs) were specifically targeted at the O q data at 4/10ths of vowel duration, a time point where visual inspection of the curves in figure 4 suggested that the O q differences were at their clearest. This test was conducted separately on the data of the 5 speakers, with the six tone/syllable categories (1 unasp , 1 asp , 2 unasp , 2 asp , 3 and 4) as the dependent variable. Table 2 shows the results.
The effect of the dependent variable is significant (p < 0.05) for all speakers. Table 3 provides the results of a post-hoc Scheffé test. For speakers M1 and M5, among words with unaspirated initials, all pairs are significantly different for O q , with two exceptions: 1 unasp /2 unasp and 3/4. This result brings out the hypothesised difference between two subsets: on the one hand, tones 1 and 2 with unaspirated initials, and on the other hand, tones 3 and 4, which have a higher O q . In the data of speakers M2 and M3, tone 3 emerges as the one with the highest O q (indicative of whispery voice): its O q is even significantly higher than that of tone 4. Again, 1 unasp and 2 unasp do not have statistically different O q values from each other. For M4, no single pair differs significantly. Recall from table 1 that there is a smaller amount of data for speaker M4 than for the 4 other speakers: this has a bearing on statistical analyses. Tone 4 does not appear to pattern like tone 3 for this speaker: it shows no signs of whispery phonation. It would seem that speaker M4 only uses whispery phonation type in association with tone 3; he realises tone 4 markedly lower than the other speakers, and without any traces of whispery phonation, as if F 0 were low enough to render additional cues to tone unnecessary.
As for syllables with aspirated initials, we observe in figure 4 that O q is globally higher on 1 asp and 2 asp than on 1 unasp and 2 unasp . In terms of O q , there is no difference between 1 asp and 2 asp in the data of speakers M4 and M5, whereas M1, M2 and M3 have lower O q for 1 asp than for 2 asp . This trend is not found for 1 unasp and 2 unasp . Across speakers, there does not appear to be any relationship, either direct or indirect, between the distance in terms of O q and the distance in terms of F 0 for 1 asp and 2 asp : speaker M3, who makes the largest difference between 1 asp and 2 asp in terms of F 0 , also produces them with some differences in O q . In the data of speaker M5, 1 asp and 2 asp are relatively close in terms of F 0 , and very close indeed in terms of O q . For speaker M2, 1 asp and 2 asp are relatively close in terms of F 0 and the furthest apart in terms of O q . Same data as in figure 4 . Degrees of freedom: 5. Now turning to a comparison of the 'whispery' tones (3 and 4) with the tones found after aspirated initials (1 asp and 2 asp ), it appears that values of the O q at the very onset are even slightly higher for 1 asp and 2 asp than for 3 and 4. The average values across speakers are: 73% for {1 asp , 2 asp }, 69% for {3, 4}, and 65% for {1, 2}. This reflects the presence of high airflow up until the onset of voicing after aspirated initials. For tones 1 asp and 2 asp , O q then decreases rapidly, getting close to the speaker's value of reference for O q (value zero in fig. 4 ) within about 50 ms after the onset of voicing. On the other hand, for tone 3, while the O q value is always much higher for the first glottal cycle than for the following cycles, an increase in O q in the first half of the vowel is not infrequent. On average, the slope of the curve is gently decreasing, with a final rise also found in the other tones, corresponding to the offset of voicing. As for tone 4, the decrease in O q in the first half of the syllable is steeper than for tone 3. There is only 1 speaker, M1, for whom the shape of the O q curves for tones {1 asp , 2 asp } is not well differentiated from that of tones {3, 4}; at 4/10ths of the syllable, the O q of the tones found after aspirated initials (1 asp and 2 asp ) is not statistically different from that of tones 3 and 4 (table 3). To sum up in a nutshell: the whispery phonation type which the data show to be associated with tone 3 (and, less saliently, with tone 4 in the data of 4 out of the 5 speakers) is manifested by O q curves that differ from those found after aspirated initials.
Mazaudon/Michaud
Observations on the Realisation of Initial Consonants
Some tone-linked allophonic variation of initial stops was observed. It is described below in terms of VOT, of stop closure duration, and of voicing of the initial consonant: presence or absence of voicing, and, if the consonant is not voiced throughout, duration of the interval without full voicing. The sibilant /s/ is consistently voiceless throughout. Table 4 presents the results for VOT. The total number of tokens for which the stop release could be reliably detected from a spectrogram, and hence the VOT estimated, is 1,251. In terms of VOT, two distinct sets emerge from the data: VOT only differentiates between syllables with aspirated initials and syllables with unaspirated initials. In syllables without aspirated initials, no difference in VOT emerges across tones 1-4; standard deviation is considerable; mean values are close. This is confirmed by an ANOVA: for all 5 speakers, a significant effect is found, but it is only due to the difference between unaspirated and aspirated initials. A Scheffé post-hoc test shows that all the comparisons involving a set of aspirated initials and a set of unaspirated initials conclude to a significant difference (at p < 10 -4 ), whereas none of the other pairs differ significantly. Table 5 presents the results for closure duration. The average closure duration is slightly shorter for tones 3 and 4 than for tones 1 unasp and 2 unasp ; it is shortest for 1 asp and 2 asp . The correlation of syllable category (tone + aspiration) with closure duration is significant for all speakers. Table 6 presents the results of an ANOVA and the pairs that differ significantly according to a post-hoc Scheffé test. For M3, tone 3 differs from all Mazaudon/Michaud the others. For M4, no significant difference is brought out. For M5, two groups differ from each other and have no consistent internal differences: 1 unasp and 2 unasp on the one hand, 3, 4, 1 asp and 2 asp on the other.
Voice Onset Time
Closure Duration
Voicing of the Initial Consonant
Not a single case of voicing of initial fricatives was observed for any of the 5 speakers. As for stops and affricates, a variety of realisations were observed, from those with a clear interruption of voicing, as in figure 2, to uninterrupted voicing, as in figure  5 . For the sake of classifying the observed realisations, three cases were distinguished: (i) the consonant was labelled as fully voiced when there was no interruption of full voicing between the preceding syllable and the target syllable (e.g. in fig. 5 ); (ii) the consonant was labelled as partly voiced when quasi-periodic fluctuations of vocal fold contact area were observable on the EGG signal throughout the consonant, but some or all of the glottal cycles had no closing peak (symmetrical oscillations of small amplitude, as in fig. 6 ); (iii) the consonant was labelled as unvoiced if laryngeal vibrations were entirely interrupted during part or all of the consonant, as in figure 2.
The second category calls for some explanations. Symmetrical oscillations of small amplitude on the EGG signal indicate that, as vocal fold adduction decreases, the glottis does not have a sharp closure anymore (i.e. no glottis-closure instant); fluctuations in vocal fold contact area become very small while remaining quasi-periodic. A few such oscillations are generally observed during a 'soft' (non-glottalised) offset of voicing. Figures showing such oscillations during voice decay in Vietnamese are provided by Michaud [2004, pp. 126-129] . Images of the glottis by high-speed cinematography (English and French data) show that these small oscillations correspond to a state where the glottis does not actually close, but the vocal folds still oscillate quasi-periodically, making contact at the anterior part of the glottis [Kitzing, 1982; Cédric Gendrot, personal commun.] . Whether an initial consonant has small symmetrical oscillations or not correlates with the duration of the portion without full voicing: the longer the portion without full voicing, the more likely it is that the periodic oscillation of the vocal folds will be interrupted altogether -or, at least, will become so small as to be undetectable from the EGG signal. The categories proposed here are based on the EGG signal; it should be borne in mind that the intermediate category, (ii), does not correspond to a distinct mode of vibration [a voice register in the sense of Roubeau et figure 7 . The results are clear: full voicing of the initial consonant is never found in tone-1 and tone-2 syllables, whereas it is not uncommon in tone-3 and tone-4 syllables. A χ²-test was conducted for each speaker, excluding syllables with aspirated initials; it confirmed that the distributions are not random (M1, M2, M3, M5: p < 10 -4 ; M4: p = Table 7 reports on the duration of the portion without full voicing found at the beginning of the target syllable. This is defined as the portion between the last positive peak on the dEGG during the consonant, and the first positive peak during the vowel, as shown in figure 2. This temporal measurement aims at providing more fine-grained results than the three-way classification applied in figure 7. When 'full' voicing (characterised by an uninterrupted sequence of opening and closing peaks on the derivative of the EGG signal) was continuous throughout the consonant, this parameter was set at zero; these cases are taken into account in the statistical calculations. To get an idea of cross-speaker regularities, equal weight was given to each speaker, rather than proportionally to the number of tokens. This amounts to the assumption that the data given for each speaker are representative. For fricativeinitial syllables, no significant tone-correlated differences emerge concerning the duration of the portion without full voicing, so these syllables are not included in the statistical analysis. An ANOVA test was applied separately for each speaker, followed by a post-hoc Scheffé test. 247 Phonetica 2008; 65:231-256 Tonal Contrasts and Initial Consonants in Tamang For M1 and M5, all pairs are signifi cantly different except 1 -unasp /2 unasp , 3/4 and 1 asp /2 asp , i.e. the measurement of the portion without full voicing successfully refl ects the hypothesised difference between tones 3 and 4 on the one hand, and tones 1 and 2 on the other hand (aspirated-initial syllables making up a distinct set). For M2, the only statistically signifi cant differences that emerge are those between -items with aspirated initials and with unaspirated initials. On average, 1 unasp has a relatively long portion without full voicing; as a result, it is statistically different neither from 1 asp and 2 asp nor from the other unaspirated syllables. For M3, two sets emerge: unaspirated 1-4 on the one hand, 1 -asp and 2 asp on the other. For M4, the average duration of the interval without full voicing is lower for tone 3 -than for the other tones; tone 4 does not appear to pattern together with tone 3, any more than it does in terms of O q . This suggests that tone-conditioned allophonic variation of the initial consonant goes hand in hand with whispery phonation: it is not expected that a speaker will exploit the one to characterise a certain tone (say, tone 3) and the other to characterise another (say, tone 4). Overall, the data in table 7 differentiate three sets, from longest to shortest period without full voicing: items with tones 1 and 2 and aspirated initials > items with tones 1 and 2 and unaspirated initials > items with tones 3 and 4 (which we recall never have aspirated initials). Since we observed in section 3.3.1 that VOT is markedly longer for aspirated initials, it seemed interesting to compute the duration of the portion without full voicing before stop release, i.e. excluding VOT. Table 8 lists these values. Categories 1 unasp and 2 unasp stand out as having the longest unvoiced portion before stop release. This is consistent with the hypothesis that they are clearly voiceless, as opposed to 3 and 4.
Duration of the Portion without Full Voicing
Realisation of the Medial Consonant
The initial consonant of the suffix is realised in intervocalic position, a position in which unaspirated stops are reported to be commonly voiced, and sometimes spirantised. We checked if any tone-correlated variation could be detected also in the realisation of the initial consonant of the suffix. The observations were conducted in the same way as for word-initial consonants (section 3.3.3). In addition, the consonant was labelled as either 'stop' (for /k/: realisation as [k] Figure 8 provides a visual representation of the results concerning the state of the glottis during the initial of the suffix. For M1, M3 and M5, no difference emerges across tones. Slight tendencies are observed for speakers M2 and M4. For M2, some cases of full interruption of vocal fold oscillations (as observed by EGG) are found for initials of suffixes following tones 1 and 2, whereas no such case is found for tones 3 and 4. It is clear that this trend, if present at all, is of a different order of magnitude than that observed on the initial of the target syllable. For M4, tone 3 has the fewest cases of full interruption of vocal fold oscillations on the initial of suffixes of any of the categories. 
Voicing of the Initial of the Suffix
Mazaudon/Michaud
Lenition of the Initial of the Suffix
Under the hypothesis that tones 3 and 4 may be realised with a general 'laxness', it was thought plausible that lenition of the intervocalic stop could be more frequent with these tones. Figure 9 sums up the results. The general picture that emerges is that the suffix's consonant was perceived as a stop in only 5% of cases for tone 3, as against 12-18% for the other tonal categories. A statistical treatment by χ² was applied to these data (1 degree of freedom). For M1, tone 3 has more cases of approximant realisations of the initial of the suffix; tone 4 does not stand out clearly (χ² = 13.5, p = 0.019). For M2 and M3, tones 3 and 4 have more cases of approximant realisations; differences are statistically significant for M2 (χ² = 16.2, p = 6.4 × 10 -3 ), not for M3 (χ² = 6.06, p = 0.30). For M4 as for M1, tone 3 has more cases of approximant realisations, but the trend is not significant (χ² = 8, p = 0.15). For M5, no clear tendencies emerge.
For words with an initial fricative in the target syllable, averaging across speakers, the proportion of realisations of the suffix's consonant as stop amounts to 22% for tone 1 (total: 40 tokens), 5% for tone 2 (40 tokens), 0% for tone 3 (24 tokens). For reasons of lexical distribution, no single fricative-initial with tone 4 is present in the list of items recorded. These data, though very limited, reach statistical significance (χ² = 10.2, p = 6.2 × 10 -3 ), suggesting that there may be a small correlation of tone with the
Unaspirated Aspirated  T3 T4   0%   20%   40%   60%   80%   100%   T1   C i  T2  T1 T2   Unaspirated Aspirated  T3 T4   0%   20%   40%   60%   80%   100%   T1   C i  T2  T1 T2   Unaspirated  Aspirated  T3 T4   0%   20%   40%   60%   80%   100%  T1   C i  T2  T1 T2   Unaspirated Aspirated  T3 T4   0% (subphonemic) spirantisation of the consonant of the suffix after syllable-initial fricatives. To sum up, there is some evidence to substantiate the claim that the realisation of the initial of the suffix is influenced by the tone of the target word, but this influence is limited, and is not consistent across speakers.
Discussion
It is customary in phonological typology to distinguish between tonal languages and voice-register languages, yet it seems that the boundary between them is fuzzy. The present experiment confirms (i) that tones 3 and 4 have a significantly higher glottal O q , indicative of higher airflow than tones 1 and 2, and (ii) that there is some tone-correlated allophony of word-initial consonants. We will try to bring out the complex way in which the four tones of Tamang are differentiated in speech production by various combinations of F 0 , phonation type and allophony of consonants (section 4.1). After some diachronic reminders (section 4.2), we will propose a critical evaluation of phonological analyses that have been hitherto proposed for Tamang tones (section 4.3). 251 Phonetica 2008; 65:231-256 Tonal Contrasts and Initial Consonants in Tamang
Reflections on the Respective Importance of the Cues to Tone in Tamang
The higher O q found for tones 3 and 4 cannot be put down to a phonetic universal whereby F 0 and O q would be correlated either directly or inversely. For instance, in Naxi, where the lexical tones are simply specified in terms of pitch, divergences on O q are found across speakers: in an acoustic and EGG study of 5 speakers [Michaud, 2005, pp. 128-143] , it appeared that there was a statistical correlation of F 0 and O q for one of the speakers, and an inverse correlation for another speaker. In Tamang, the two tones that are most dissimilar in terms of O q are tones 2 and 3, which are closest in terms of mean F 0 .
In the present experiment, the somewhat whispery phonation type of tones 3 and 4 was compared with that of aspirated-initial syllables (syllables coded 1 asp and 2 asp ). The results are reminiscent of those found by Blankenship [2002] , who compared the effect of initial aspiration in Swedish and English [as reported by Löfqvist, 1992] with the effect of whispery/breathy phonation type over vowels in Mazatec (Oto-Manguean, Popolocan); the latter extends for roughly twice as long as the high-airflow phonation found at the onset of voicing after the aspirated initials of Swedish and English. Likewise, in Tamang, it was found that the whispery phonation type associated with tone 3 -and, less saliently, with tone 4, in the data of 4 out of the 5 speakers -is manifested by O q curves that differ from those found after aspirated initials: the high O q after aspirated initials generally lasts only for a few cycles after the onset of voicing.
Concerning the presence of a tone-correlated allophonic variation of word-initial consonants, a salient finding is that this is not a difference in VOT. No consistent tonecorrelated VOT differences are observed among unaspirated initial syllables, whereas slight differences emerge in terms of closure duration, and clearer differences in terms of the degree of voicing of the initial consonant (as reported in sections 3.3.2-3 and in fig. 7) .
A perceptual study of the relative importance of each cue to tone was not attempted here. It would not be easy to conduct with the unschooled villagers who are the best speakers of the language. The relative importance of each cue is thus evaluated from the production data only. In terms of overall F 0 register, it is apparent from figure 3 that the tones are layered from highest to lowest (from 1 to 4), taking into account the fact that tone 3 is rising, which, from a perceptual point of view, gives the overall impression of higher pitch than tone 4. However, as hypothesised on the basis of auditory impressions, the phonetic distance across tones in terms of overall F 0 (F 0 register) is not considerable in Tamang. The shape of the contour of the tone is an important cue. The rise of tone 3, even though moderate, contrasts with the fall of tone 4. Tones 1 and 2 are both falling in the data reported here. To the ear, tone 1 often sounds more falling than tone 2. This could be related to the fact that tone 1 tends to be somewhat shorter than any of the others. Perceptually, it gives the impression of a more 'energetic' tone. Mazaudon [1973] , after Pike, called it 'ballistic'. Disyllabic words were out of the scope of our study, but Mazaudon [1973] as well as Weidert [1987] noted than on second syllables of tone-1 words, the fall continued on the second syllable, whereas on the second syllable of tone-2 words it did not. As mentioned in the 'Introduction', non-initial syllables of words, whether they be a suffix or part of a single morpheme, never carry their own tone, so that their F 0 curve can be considered an expression of the tone lexically carried by the initial lexeme, which is allowed to unfold over the available space (the entire phonological word). The same is true of tone 4, which, on a polysyllabic morpheme, rises on the second syllable, before falling again on the third if there is one, whereas tone 3 evens out on following syllables.
The second obvious cue to tone in Tamang is phonation type, which is used to a different extent by the different speakers, as evidenced by the cross-speaker differences in the range of O q in figure 4. For instance, data from speaker M2 show a small F 0 range, and conversely a large range of O q . We are led to conclude that each tone has an individual prototype in which the fluctuating equilibrium of the cues is different from that of all the other tones. Variability appears to be part of the nature of the Tamang tones, in that none of the cues to tone is sufficient by itself to identify the tone with certainty. There is no obvious evidence for proposing a hierarchy of cues. As a summary, the tones on monosyllabic items could be characterised as in table 9, keeping in mind that the extent to which each cue is realised may vary.
Tone 1 is the highest; it tends to be shorter, and is falling; it gives the perceptual impression of a short, 'ballistic' tone. Tone 2 lacks any salient characteristic apart from being the second highest; it is not whispery. Voicing of the initial stop, when present, identifies with certainty a tone as being either 3 or 4. Tone 3 is whispery and rising, within an overall low register. Tone 4 is low, somewhat whispery, and its falling contour is somewhat 'ballistic', though less so than tone 1.
Diachronic Reminders
The TGTM languages provide a textbook case of the two-way tonal split which spread across Asia and Southeast Asia in the last millennium and a half [Haudricourt, 1961 [Haudricourt, , 1975 . Proto-TGTM is reconstructed as having had a two-tone system, tones A and B -whose phonetic nature remains unknown -, three series of initial stops (p, pʰ, b, t, tʰ, d, ʈ, ʈʰ, ɖ, ts, tsʰ, dz, k, kʰ, g ) and two series of sonorants and sibilants (m, mʰ, n, nʰ, ŋ, ŋʰ, l, lʰ, r, rʰ, j, jʰ, w, wʰ, s, z, h) . In all the languages of the TGTM group there occurred a merger of the voiced and voiceless unaspirated series, leading to the phonemicisation of four tones instead of two [Mazaudon, 1978] . This accounts for a number of synchronic idiosyncrasies found in languages of the TGTM group. For instance, since there was no voicing contrast in intervocalic position when tone developed from the loss of that contrast, tone did not develop on non-initial syllables. As a consequence, modern TGTM languages, like Tibetan languages, have word-tone systems [Sun, 1997 [Sun, , 2003 Mazaudon, 2005 ; for data on various TGTM languages: Hale and Pike, 1970; Hale and Watters, 1973; Mazaudon, 1973 Mazaudon, , 1978 Mazaudon, , 1996 Hildebrandt, 2003; Noonan, 2003] . The topic of the present study, namely the realisation of tone by a bundle of characteristics, can also be understood in this light, since tone 3 and tone 4 originate in words with distinctive voicing of the initial, as opposed to tones 1 and 2. 
. Analyses in Terms of Two Tones Plus an Orthogonal Feature
The diachronic facts summarised in the previous section help place the presentday situation of Tamang tones in perspective; however, they do not entail a synchronic phonological model of this tone system. An etymologising description is admittedly possible in theory: the four tonal categories of Tamang could be described in terms of two tones plus a VOICE feature of the initial consonants, the observed variability being attributed to the diversity of the phonetic correlates of this VOICE feature. This is precisely the analysis proposed by Kjellin [1975] for Tibetan. The reconstruction reflected in this analysis is based on abundant and converging evidence; however, it was observed in section 3.3.3 that the whispery phonation type associated with tones 3 and 4 is more consistently present than the voicing of word-initial stop consonants also associated with these two tones. This provides compelling evidence that whispery voice cannot be treated, in present-day Tamang, as a phonetic effect of a consonantal difference. We see traces, in the present-day system of Tamang, of what its ancestor may have been, and we use these traces as powerful indicators towards reconstruction, but we are fully aware that these traces cannot be granted the synchronic status of distinctive features.
Another proposal to reduce the four-way contrast to a two-tone contrast plus an orthogonal feature was put forward by Ian Maddieson [1984] . Risiangku Tamang, as described in Mazaudon [1973] , constitutes language 507 in Ian Maddieson's UPSID database; Maddieson's representation of its prosodic system has served as a source for other authors, e.g. Silverman [1997] . Maddieson presents Risiangku Tamang as having only two tones, and a set of 'breathy vowels'. His argument for rejecting Mazaudon's [1973] analysis of 'breathiness as an inherent part of a set of contrasting tone' and attributing it to the vowels is, he claims, that 'the two "breathy tones" have the same pitch shapes as the two plain tones' [Maddieson, 1984, p. 132] . The results of the present experiment certainly do not support pairing the tones according to their 'pitch shape' as Maddieson [1984] proposes. Reducing the four-way prosodic contrast of Tamang to two tones plus a non-tonal feature does not appear synchronically acceptable, as it would amount to excluding altogether from the tonal system the register contrast originating diachronically in the voicing contrast over initials.
Analysis in Terms of Two Tones plus Two Registers
Moira Yip [1995] proposes a phonological analysis of Tamang tones based on Weidert's [1987, p. 262 ] description of a dialect of Tamang which is close to the Risiangku dialect. She follows Duanmu [1992] in 'identifying low register with obstruent voicing', making the voicing of Tamang initials on LOW tones a 'straightforward assimilation rule, spreading low register/obstruent voice leftwards' [Yip, 1995, p. 486 ]. Yip's analysis amounts to flipping around the diachronic conditioning of whispery phonation and lower F 0 by initial voicing into a synchronic phonological dependency of voicing on tone: voicing, which used to be the conditioning factor, is now conditioned. This is a much more insightful account than an etymologising analysis under which consonant voicing would be considered as distinctive. However, it is not basically different from attempts at analysing the four tones as the combination of two features, a type of analysis for which several options were considered by Hale and Pike [1970] and Mazaudon [1973] . There are inherent uncertainties in a synchronic subdivision of the tone system: should we pair 1 and 3, versus 2 and 4, arguing that the first set is 'relatively higher' than the second, each within their own register (HIGH vs. LOW)? Or should we pair 1 and 4, versus 2 and 3, arguing that the first set is 'ballistic' and characterised by salient contours, the second set more level? Both analyses were rejected by Mazaudon [1973] as unconvincing.
Tamang Tones as Defined by a Bundle of Cues
The next step will consist in proposing a phonological model that captures the growing asymmetry in the present-day state of the system, where there remains only slender evidence for a neat bipartition of the tonal system into a higher register and a lower register. Panchronic phonology [Hagège and Haudricourt, 1978; Mazaudon and Michailovsky, 2007] aims to describe how systems evolve from one type into one or more new types. The tone system of Risiangku Tamang is not only a missing link of tonal bipartition, illustrating the evolution from two tones plus a voicing contrast to four tones. It also sheds light on the stage where the system begins to lose its etymological symmetry, and the four tones, breaking their last ties with the correlation of voicing, become free to evolve away from their original phonetic register. 'Once constituted, the tonal system evolves without remembering its origins' [Haudricourt, 1961, p. 286; English translation: Haudricourt, 1972] . This is indeed what happened in three TGTM languages, where one tone has moved through the tonal space away from its etymological partner: in the Tamang dialect of Taglung and in Marphali, tone 4 has now become high, as has tone 3 in Manangke [Mazaudon, 1978 [Mazaudon, , 2005 Hildebrandt, 2003] , and Manangke has lost phonation type differences altogether, so that the analysis in terms of two registers does not apply any more.
Concluding Remarks: On the Importance of Studying Transitional States
The present experiment confirmed that Tamang tones are phonetically complex, presenting whispery phonation type for two of the tones, as well as some tonecorrelated allophony of word-initial consonants. The organisation in two registers, inherited from the etymological voicing contrast on initials, is showing signs of weakening, so that a phonological account in terms of two tones plus two registers leaves aside important aspects of the present-day state of the system. There appears to be much to be learnt from the study of such transitional states. Residual 'redundant' features can actually survive for hundreds of years, going through avatars that present special interest for phonetics and phonology. The current, transitional state of the Tamang tone system is to be modelled without either looking back to a stable state in the reconstructed past of the system, or looking forward to a future stabilised state. Tamang tones are defined in terms of a bundle of cues, rather than of hierarchically organised features. It is clear that the conception of tone as pitch -a widespread conception, reflected in the International Phonetic Alphabet symbols for tone -is not adequate for Tamang tones. The present data serve as a reminder that it is necessary to take a 'polydimensional approach to tonal investigation contra the prevalent monodimensional stance which ignores from the outset all parameters except F 0 / pitch variation' [Rose, 1982, p. 48] .
